Modelling the Structure and Function of Cardiac Cell Transverse-Axial-Tubules  by Rajagopal, Vijay et al.
Monday, March 7, 2011 293acellular extrusion. However, in muscle cells reports are controversial and vary
from actin stabilization to actin disruption at concentrations of 40 mM. The aim
of this study was to investigate the putative cytoD effects on adult
cardiomyocytes in culture and how it can be used as a pharmacological tool
in single cell models. This investigation is based on our optimized serum-
free culture method for adult rat ventricular myocytes.
Initially, for global calcium transients we performed repetitive dose response
relationships over the time course of 6 days to identify the optimal cytoD con-
centration. At this identified concentration we analyzed action potentials,
calcium handling (incl. post rest behavior and caffein induced calcium release)
and cellular contractility. In addition, we investigated cytoD-mediated changes
in the T-tubular system and actin cytoskeleton by confocal and STED micros-
copy, respectively.
In contrast to previous reports we were able to identify a cytoD concentration
that resulted in a high degree of morphological and functional conservation of
properties found in freshly isolated cells over a time course of one week.
In conclusion our findings represent a further significant improvement for sin-
gle cell models of cardiomyocytes, enabling chronic stimulation and an
extended time period for adenoviral protein expression. The identified relation-
ship between actin filament modulation and prevention of T-tubular loss might
shed new light on the loss of T-tubules in cardiac diseases.
This work was supported by the DFG (KFO196) and the Medical Faculty
(HOMFOR).
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Modelling the Structure and Function of Transverse-Axial-Tubules
The past decades have seen significant strides being made in understanding the
structure and function of the heart using experimental and computational ap-
proaches. Mathematical models of the heart can now represent the anatomical
structure of the whole-heart and simulate the heart beat using biophysically
based methods on the computer. At the cellular-level, however, mathematical
models typically simulate the function using black-box mass kinetics ap-
proaches and make several simplifying assumptions regarding the spatial scale
and organization of the key cellular components in excitation-contraction cou-
pling. While these studies have been pivotal in gaining quantitative insights on
cardiac cell activity, a deeper understanding of structure function relationships
at the cellular scale can only be gained by incorporating more realistic models
of the geometry. With this aim, we present an anatomically realistic finite ele-
ment model of the cardiac cell sarcolemma, and its transverse-axial tubule sys-
tem. Confocal microscopy images of the sarcolemma and t-tubules of an
isolated wistar rat myocyte were acquired, segmented and skeletonized. A
two-dimensional surface mesh was fitted to the sarcolemma data, and one-
dimensional finite elements were used to represent the t-tubules from the skel-
etonized image in three-dimensional space. This representation will form the
basis to simulate calcium diffusion into the cell cytosol during the excitation
phase of excitation-contraction coupling. We present preliminary results
from these simulations, and provide first quantitative insights into cardiac
cell excitation in 3D.
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Mechanics and Excitation-Contraction-Coupling were studied in rat ventric-
ular trabeculae and myocytes before and after formamide-induced detubula-
tion. Detubulation was checked using FM4-64 membrane staining and
dual-photon microscopy. Electrical uncoupling of t-tubules from sarco-
lemma was confirmed by simultaneous action potential recordings at surface
and t-tubular membranes (Sacconi et al., this meeting). Global and regional
(periphery/core) Ca2þ-transients were measured either under confocal mi-
croscopy or in wide-field with a high-speed CCD-camera from Fluo4-
loaded myocytes. At low [Ca2þ]o (1mM,2Hz,30C) twitch tension of detubu-
lated trabeculae was reduced to ~40% of controls and the time course of con-
traction was significantly slower. Under the same conditions, the global
Ca2þ-transients were depressed and slowed down in detubulated cells vs.
controls. Regional Ca2þ-transients were synchronous and homogeneous in
control myocytes while in detubulated cells they were mostly restricted to
a subsarcolemmal ring with the cell core displaying lower and delayed
Ca2þ-signals. The results are consistent with detubulation inducing a shift
from synchronous CICR to a propagated form of CICR that is slower andmay not recruit deep myofibril layers. At high [Ca2þ]o (>8mM), or following
post-rest potentiation, twitch tension of detubulated trabeculae was un-
changed compared to controls, though contractions were prolonged. At
high [Ca2þ]o, or at resting stimulation frequency, the Ca
2þ gradient between
cell periphery and core was markedly reduced in detubulated myocytes while
the time-lag between the two Ca2þ-transients was still present. The results
suggest that CICR propagation from cell periphery to the core can be en-
hanced and contractility improved in detubulated myocardium by increasing
the Ca2þ-trigger and the SR Ca2þ-load. Interventions that increase RyR2
open probability may also enhance CICR propagation in detubulated myo-
cytes. This has been confirmed by comparing the effects of caffeine
(200mM) on control and detubulated myocytes.
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In ventricular cardiac cells, the t-tubule microanatomy and the distribution and
clustering of membrane Ca2þ transporters (L-type Ca2þ channel, Naþ/Ca2þ ex-
changer, sarcolemmal Ca2þ ATPase) are considered important in Ca2þ regula-
tion [1]. Their variations over time may hold clues to the progression of heart
diseases [1,2]. To examine how these sub-cellular mechanisms regulate the
Ca2þ signals in rat myocytes with inhibited sarcoplasmic reticulum we used
modeling approach [3]. The t-tubule geometry was derived from light micros-
copy images and Ca2þ diffusion and buffering by stationary and mobile Ca2þ
buffers (troponin C, ATP, calmodulin, Fluo-3) were taken into account [3,4]. In
agreement with experiment: (1) the L-type Ca2þ current density was higher
along the t-tubule, the spacing between adjacent L-type Ca2þ clusters was
assumed ~0.68 mm, and the average L-type Ca2þ cluster size was ~50 nm in
radius [2,5]; (2) the Naþ/Ca2þ current density was higher and uniform along
the t-tubule and Naþ/Ca2þ exchanger was located within (or close to) L-type
Ca2þ clusters [1]; (3) the sarcolemmal Ca2þ pump was uniformly distributed
along the sarcolemma co-localizing or not with L-type Ca2þ clusters. The re-
sults indicate that spatial Ca2þ signals critically depend on the local diffusion
properties and the location and clustering of Ca2þ transporters along the cell
membrane.
[1] Isuru et al., Biophy J 97:2664-2673, 2009.
[2] Ye Chen-Izu et al, Biophys J 91:1-13 2006.
[3] Cheng et al., PLoS Comp Biol 2010, (in press).
[4] Hayashi et al., J Cell Science 122:1005-1013, 2009.
[5] Gathercole et al., J Mol Cell Cardiol 32:1981-1994, 2000.
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Heart failure is associated with reduced sarco(endo)plasmic reticulum (SR)
calcium ATPase (SERCA) function. Mice with conditional cardiomyocyte
specific knockout of the Serca2 gene (KO) revealed that major reductions
in SERCA and SR function are compensated by enhanced Ca2þ cycling
across the cell membrane. Thus, cardiac function was maintained at near-
normal values, at least in the short term. We hypothesize that this shift
from SR to sarcolemmal Ca2þ fluxes is reflected in alterations in SR and sar-
colemmal morphology. Seven weeks following gene disruption, some hearts
were fixed for electron microscopy by perfusion with 3.5% glutaraldehyde
and others for enzymatic isolation of cells for confocal microscopy and patch
clamping. Serca2 flox-flox (FF) mice served as controls. Electron micro-
graphs revealed drastically altered SR architecture and density. SR volume
was reduced from 1.7450.16 % of total cell volume in controls to
0.8450.13 % in KO. The SR area to cell volume ratio was reduced from
0.6850.06 to 0.3250.05 mm2/mm3, and 55% of the free SR appeared
collapsed, with a virtually occluded lumen. Although overall cardiomyocyte
dimensions were unaltered in KO compared to FF, total surface area was in-
creased (cell capacitance = 182 pF vs 147 pF, P<0.05). This resulted from
increased t-tubule density, as revealed by confocal images of Di-8-Anepps
stained myocytes. Specifically, Fourier analysis indicated a maintained orga-
nization of t-tubules which transversely spanned the cell, but an increased
presence of tubules in the longitudinal direction. Immunocytochemical
data showed that the newly grown longitudinal t-tubules contained Naþ/
Ca2þ-exchanger which co-localized with ryanodine receptors in the SR,
but did not contain CaV1.2 channels. Our observations indicate that the SR
is greatly reduced and collapses following Serca2 KO. Further, proliferation
of longitudinal t-tubules facilitates trans-sarcolemmal Ca2þ flux to compen-
sate for declining SR function.
